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. _INTRODUCTION

The interest In carbon-phenolic composite materiais by NASA is dus to Its use as
the ablative materlal In the solld rocket motor nozzle of the shuttle system. The shuttle
system is a three component system composed of the Orbiter, External Tank (ET), and
Solld Rocket Boosters (SRB), as shown In Figures 1 and 2. The Orbiter Is the size of a
large commercial airliner and weighs 178,000 pounds as constructed, and Is capable of
carrying 50,000 pounds of cargo, giving a total mass of approximately 228,000 pounds at
lift-off. The Orbiter contains the crew quarters, the flight control systems (Guldance,
Propulsion, Navigation, and Electronic), the cargo bay, and the main engines. There are
three main engines which utilize liquid oxygen and liguld hydrogen as propellant. These
engines furnish about 20% of the thrust during lift—-off.

The External Tank contains the propellant used in the Orbiter’s main engines:
143,000 gallons of liquid oxygen and 383,000 gallons of liquid hydrogen, approximately
1,585,000 total pounds of fuel. The tank is 154 feet long and Is 27.5 feet In diameter
and has a total mass of 1,660,000 pounds at lift-off. The external tank Is the load
bearing portion of the shuttle system as the Soiid Rocket Boosters and Orbiter are both
structurally attached. Since both the Orbiter and Solid Rocket Boosters g'enerate thrust,
the mechanical loading on the external tank Is complex during the first two minutes of
flight.

The two Solid-propellant Rocket Boosters are 149 feet long and 12.2 feet In
diameter. Each Solld Rocket Booster has a total mass of 1,250,000 pounds at lift-off,
which Includes 1,110,000 pounds of solid propellant. A cut-away view of the Solid Rocket
Booster Is shown In Figure 3 along with the components mass distribution. The Solld
Rocket Boosters furnish about 80% of the thrust at lift-off.

The complete shuttle system has a mass of approximately 4,500,000 pounds at lift—

off which includes 3,805,000 pounds of propellant. The consumption of the fuel results is
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about 18,000 pounds/second reduction in the mass of the shuttle system during the first
two minutes after lift—off.

SOLID ROCKET MOTOR (SRM) NOZZLE

A cut-away Isometric view of the solld rocket motor nozzle Is shown in Figure 4.
Note that the exhaust gas flow will be from upper left down through the throat to the
lower right when viewing the nozzie as shown. It can also be seen In Figure 3. The
materials of construction of the nozzle are shown In Figure 5, with the outer layer always
being carbon cloth-phenolic resin composites. The material of interest In this project.
The nozzies are all made from 360° ring components and assembled into the completed
nozzie as shown In Figure 6. The nomenclature of each ring section Is also given In
Figure 6 along with nominal effects of the completely consumed solld propellant on the
carbon-phenolic material. The ring construction can be visualized if Figure 5 Is used in
conjunction with Figure 4, placing Figure 5 on the left side of Figure 4 and rotating
counter clockwise 360°.

NOTE 1: The extreme heat and erosion of the burning propellant Is controlled by
the carbon-phenolic composite by ablation. Ablation Is a complex process, but basically is
a heat and mass transfer process where a large amount of heat Is utilized to sacrificlally
remove material from the surface. Phenolic materials ablate with the Initial formation of a
char. The depth of the char Is a function of the heat conduction coefficient of the
composite. The char layer is a very poor heat conductor so it protects the underlying
phenolic composite from the high heat of the burning propellant.

The solld rocket motors are manufactured by Morton Thiokol, Incorporated at
Wasatch Division, Brigham City, Utah. The nozzle component ablative liners (carbon cloth—
phenolic resin composites) are tape wrapped, hydroclave and/or autoclave cured, machined,
and assembled. The tape that Is utilized Is from a prepreg broadcloth furnished by either

of two qualified suppllers. The materials flow sheet for the nozzle ablative liners are



Item Weight (1b)
Case 98,196
Insulation 18,670
Liner 1,345
Inhibitor 1,895
Nozzle Assembly 23,317
Igniter Assembly 479
System Tunnel 546
Instrumentation 12
Assembly Attach Provisions 286
External Insulation 501
Controlled Inerts 145,247
Uncontrolled Inerts 231

Total Inerts 145,478
Motor Propellant 1,110,136
Igniter Propellant 137

SRM Assembly 1,255,751

Fig. 3 = | - Solid Rocket Booster
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shown In Figure 7. The prepreg Is a three component system: phenolic resin, carbon

cloth, and carbon flller.
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Il. NOZZLE MANUFACTURE

The resin flller and cloth are combined to form prepreg at the sites of the two
prepreg suppliers. The resin and filler are mixed In a large heated contalner and the cloth
Is drawn through this solution. Impregnation is accomplished by gravity or rolling the cloth
through dual rollers as shown fn Figure 1.

The prepreg Is shipped to MTI as rolis of broadgoods, approximately 50" wide. The
broadgoods are blas cut and the resulting parallelograms are sewn together at the ends
to form a new roll. These rolls are slit Into proper widths for tape wrapping, 5 to 8
Inches, and then rolled onto cardboard cores to size of 15 to 18 Inches in diameter. The
blas cut Is necessary for the prepreg to conform to desired configuration. The tape Is
wrapped on a rotating mandrel which has been machined to generate the desired inside
shape. The wrapped part is debulked periodically by applying heat and pressure to the
tape, forcing it against the mandrel. Debulking decreases changes In shape, volume, and
tape movement during curing. The debulked part Is cooled by a blast of cold CO, to stop
staging of the resin immediately after the roller passes.

After wrapping Is completed, the billet and mandrel are bagged for further
processing. The bagging material consist of layers of perforated film, bleeder cloth, and
vacuum bag (Inside layer to outside layer). A vacuum is pulled on the system, which is
then placed In an autoclave. A vacuum Is continuously pgﬂed Inside the vacuum bag as
the autoclave Is pressurized to 250 psig and temperature raised to 310°F. A generalized
autoclave cure cycle Is shown in Figure 2. The vacuum is used to help pull off the
volatiles as the phenolic resin Is cured.

Upon completion of the autoclave cure, the outside surface of the billet Is
machined to required dimensions using proper grinding equipment.

The billet and mandrel are then prepared for the hydroclave cure by bagging with
layers of perforated film, bleeder cloth and water tight rubber bags (inside layer to

outside layer). A vacuum is then pulled on the system, which Is then placed into the

11
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hydroclave. The hydroclave is pressurized to 1000 psig and temperature ralsed to 310°F
and these conditions maintained for approximately 5 hours. The autoclave/hydroclave cure
may be reversed or left off depending upon the particular part being processed. After
the final cure Is completed, the part Is machined to specifications, examined by

nondestructive evaluation (NDE) for defects, and then placed In storage.
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lil. PHENOLIC RESIN

Generically, phenolic resin are produced from the reactions of phenols and
formaldehyde.

The polymers derived from the Interaction of formaldehyde and phenols differ in
one Important respect from oth’er polycondensation products, in that polyfunctional
phencls can commonily form a variety of isomers of varying chain length, with the additional
possibility of cross linkages. The products derived from polycondensation of amines with
aclds (polyamides) and of alcohols with acids (polyesters), are certainly mixtures of
various chain length molecules, but for a molecule of a certain chain length, only one type
structure is possible, because the monomers are monofunctional. As a result, kinetic and
related studies are feasible, on the assumption that the growth of a chain proceeds from
one polymer length to the next in a smooth and regular manner. But In the case of the
aldehyde-phenol polymers because of the polyfunctional nature of the monomers there are
numerous and varied crossiinks. Each step of the reaction producing a chemical
configuration which may or may not be similar to the preceeding one, Its physical
properties may have been altered; for instance, its melting point changes. The only
consistent and regular change for these polyfunctional growth reactions is that you have
continuous increases in molecular weight.

Polyfunctional phenols may react with formaidehyde In positions both ortho and para
to the hydroxyl group which means that the condensation products will exist as numerous
positional isomers for any chain length. This peculiarity not only makes kinetic studies
extremely difficult, but also makes the organic chemistry of the reaction very complex and
tedious to unravel. There Is a further problem, in practice the most useful form of the
aldehyde-phenol resins are the hardened, cross-linked type, which are not amenable to
most of the common methods of chemical or physical examinations. At least as early as
1872, it was known that resinous material could readily be formed by the interaction of

aldehydes and phenols from the work of von Baeyer et al. The initial experiments resulted
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In soluble amorphous products whose properties elicited little interest. In the late 1880°s
insoluble, cross-linked products were reported, but attempts to repeat these experiments
were generally not very successful, in that no two reaction products of the same process
had exactly the same propertles. O-hydroxybenzylaicohol was formed by a low
temperature, alkaline catalyzed reaction of formaldehyde—phenol in 1894. The first patent
for an aldehyde-phenolic resin product intended for use as a substitute for hard rubber
was approved In 1889. Ortho- and Para-Methylolphenol patents were issued In 1894 and
1895 respectively. In the early 1900's, the first commercial product was produced as a
substitute shellac for the Louis Blumer Company, using a ratio of one mole of aldehyde
per mole of phenol. In 1807, Dr. Leo Baekeland (Charter Member AICHE) produced a
product of commercial Importance from the reaction of formaldehyde and phenol under
laboratory conditions, which became known as bakelite, and sometimes called the first of
the plastics, It was a hard and crystalline material. In 1909, two patents, which were the
basis for Infra-structure of aldehyde-phenolic resin industrial development, were Issued to
Baekeland describing the difference between acid and alkall catalyzed reactions. In 1909
Baekeland presented a paper In which he described a resin made with acid catalysis using
a formaldehyde to phenol ratio of less than one which came to be known as a "novolac”.
The aldehyde-phenolic resins of chemistry began to grow quite rapldly after this and their
development can be-divided into four periods of time as follows:

1. From the earliest Investigations up to about 1907, was the perlod when general
information was being accumulated on the types of polymer products obtained by the
condensation of aldehydes and phenols under various conditions, such as time,
temperature, pressure, catalyst, and ratios of the monomers.

2. During the period from 1907 to approximately 1920 was the time during which
speculations on the structure of the resin, as they were commercially developed were
being discussed. During this period the Bakelite Corporation dominated the industry.

There was little or no new experimental work done during this period. Through the years

17



there continued to be speculation and studies on the structures of these polymers but
little was accomplished In establishing the molecular configuration of the compounds, during
the time frame of 1907-1920. The polymers during this time did become divided into two
classes; one based on the pH of the catalyst and the second based on the ratlo of raw
materlals, whether the F/P ratio was greater or less than one.

3. Little or no new or different experimental production investigations, either
chemical or physical, were performed during the years between 1920 and outbreak of
World War Il In 1939. During this period, the probable structure of the main features of
novolaks was estabiished. Novalak (present day spelling) is the name applied by Baekeland
to the aldehyde phenol resins formed with acid catalyst and a slight molar excess of
phenois (ratlo of less than one F/P). These have stable compositions and do not react,
or polymerize with other novolaks without heat and hardening agents. Data was
accumulated and hypothesis advanced on the more complex structures of resoles, but
little of definite characterization was accompiished as to their chemical structure. Resoles
are base catalyzed formaldehyds phenol resins made with excess aldehydes, these polymers
were also being Investigated concurrently with the novalaks and produced long chain and
cross-linked compounds in some respects quite simillar to novalaks.

4. Systematic examination of the behavior of aldehyde phenol complexes,
confirmation of the structure of novolaks and resoles as ascertalned in the third period,
and a considerable amount of investigative work on the synthesis of complex aidehyde-
phenols and related compounds has been performed between the end of World War Il and
the present day. As a result of these later investigations, a much clearer picture has
evolved in regard to resocle and novolak structures, although It would be an exaggeration
to suggest that all the details have, even now, been resolved. Modern day Instrumental
technology along with the "need to know" In these later years has led to the accumulation
of considerable knowledge relating chemical structure to physical and mechanical

properties.
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Most studies have been directed at controlling the molecular structure by varying
the ratio of aldehydes to phenols, heat, pressure, time and catalysis, In order to obtain
desired propertles of final polymers. Research performed by varying aldehyde-phenol
ratios developed two classes of polymeric materials called Bakellte resins. Base catalyzed
resing, called resoles prepared ’with higher than a 1:1 mole ratio of formaldehyde-phenol
ratio, can be used to form crosslinked, Insoluble, and infusible compositions in a controlled
fashion, whereas, the lower than 1:1 mole ratio of formaldehyde-phenol, the products
remain soluble In many organic solvents. Acid catalysis yield permanently stable
compositions, called novolaks; whereas base-catalyzed materials can be advanced In
molecular weight, becoming more viscous; simply by increasing temperature.

The pH of a F/P mixture of 1:1 In solution form made with the 37-40% formaldehyde
solution and pure phenol is about 3.0, this may be taken as a reference or "neutral point®
In the study of these polymers. An acid catalyst Is added to lower the pH, produces a
change In the rate of reaction that is proportional to the change in the rate of H ion
concentration. A basic catalyst may elther be a mineral or organic base. The pH of 4-7,
an Intermediate range, and 7-11 a more basic one, are the two basic ranges which resuit
In somewhat different types of reactions.

The resins of Interest In this project, are base-catalyzed resoles. The molecular
structure and physical properties of the resins depend on 'ghe specific catalyst and
molecular ratlo of the reactants used, as well as the time, temperature, and pressure of
the polymerization process. As phenol Is muiti-functional, resole phenolic resins are
produced by a formaldehyde-phenol molar ratio range of 3.0 to 1.0 under basic conditions,
and result in long chain and much cross linking of polymers.

Phenols combine with aldehydes or ketones to form a variety of products. The
nature of the product depends on the choice of the phenol and the aldehyde or ketone
and on the conditions of reaction, as well as the ratio of the monomers. Most of these

reactions take place In solutions of "inert" organic solvents. Inert In the sense that they
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are simply carrlers for the polymerizatlon process of the aldehyde and phenol compounds.
The two most corﬁmon polymer reactlons are the additlon of methylol groups to the phenol
and the subsequent formation of a methylene derivative éf a biphenol. vThe dimers
possessing methylol groups (Eq. 1) are commonly referred to as phenol alcohols; the
short-chain two ring methylene derivatives (Ea. 5) are known as dihydroxydiphenyi-
methanes. The long-chain resins, whose commercial Importance overshadows ail other
aldehyde-phenol products, are polynuclear products derived from the simple methylol and
methylene derlvatlves mentioned above.

The phenal alcohols occupy a position of major Importance among the numerous
products derived from phenols and aidehydes or ketones. Besides being Intermedlates In
the manufacture of most, If not all, resinous phenolic products, they represent In
themseives an Interesting class of highly reactive organic chemicals. It Is possible to
prepare phenol alcohols from nearly all phenols having at least one free, (Free In the
sense that the positlon has only a reactive hydrogen) position, ortho or para on a ring
carbon atom. Because of their commercial Importance and high reactivity, the phenol
alcohols based on formaldehyde will be considered In greatest detail.

In the synthesis of formaldehyde-phenol resin numerous different types of
reaction have been established. Among these are hydroxymethylations of phenol and
varlously substituted. phenollc rings (Eq. 2-3). This reaction Is called methylolation or

hydroxymethylatlon, and exist In complex equilibria with other products and the raw

materials.
OH H
CHa OH
+ CHo0 ——— (1)
oH H
CHoQH CHoQCHLCH
+ CH,0 < N , (2)
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In the formatlon of aldehyde-phenols there are condensation reactions illustrated
In the equation below (4). Equation 4 represents the formation of a methylene bridge
structure with the splitting out of a water molecule. This methylene bridge formation Is
usually referred to as cure. The term cure simply refers to the condensation
polymerization step with the splltilng out of a moleculs of water, and Is appiled to the

reactions forming methylene bridges as a resin Increases In molecular weight.

QOH oM

(cH20) 4 CHaaH {CH20) 4 1.q CH2OH
+ CHa0Q - '

(3

CH

CH oH QH
+ —_— + HoO
(4)

In Equation § below a reaction between two molecules of aldehyde—phenols Is
shown, a condensatlon polymerization reaction resuiting in an ether linkage. The methylol
group on a phenol alcohol is very reactive, and may enter into a variety of other chemical
combinations that can affect the resin properties. For example, this ether linkage may
undergo further condensatlon reaction to produce a methylene linkage and liberate an
aldehyde as shown in Eq. 6. This ether type linkage is unstable which causes the

additional step in the reaction.
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OH

QH H
CH20 ' CH20CH,
+ Hzo (5)
o} o)
CH
*CH20 (g

The mechanisms and specific rates of many of these reactlons are known to be
different and markedly dependent on factors such as pH, catalyst, temperature, and
pressure, and ratio of aldehyde to phenol. Methylolation frequently takes place rapidly
upeon the mixing of reactants, and the reactlon Is reversible. The reactlon Is catalyzed by
elther aclds or bases. The formatlon of the high molecular welght polymer chalins and
networks s Irreversible under the conditlons of use. This curing reaction, the splitting
out of molecules of water and/or aldehydes, may be carried out using either acld or baslc
catalysts. The s-,bllt'tlng out of the aldehyde simply amounts to providing an additlonal
aldehyde for further polymerization.

Under acid conditlons, the methyloiphenol quickly condenses to form a low molecular

welght polymer (hydroxyphenylene methylene) as follows, Eq. 7:

OH Q

CHOH CHy + N Hy0 (7)
n +HY — 3 n
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Under basic conditions the monomeric acld and dimeric methylol derivatives are
stable.

This aldehyde-phenoiic resin formed under acidic conditions (novalac) are generally
Infusible but soluble In some ;;olar organic solvents. Under basic catalytic conditions the
resuiting polymers are called resoles. Since the aldehyde-phenolic resin, used as the
matrix in the manufacture of 2D carbon/phenolic composites, Is formed under basic
conditions, the remainder of this discussion will emphasize the chemistry of the resole

aldehyde-phenolic resins.

Prepolymers of Resole Resins

The phenol-formaldehyde reaction under base-catalyzed conditions Is similar to the

Aldol condensation reaction and forms ortho- or para-methylolphenol, (Eq. 8 and 9) as

(o) ) .
~H o Ha0: Ha0H
_L.i). H —_—
®)
Qe
—B->. O (Ortho)
\ |

shownh below.

o e 0:0
CH,0
— Y D ]
<0
H H® CHy0: CHa0H
(Para) (9
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The above reaction, Eq. 8, represents the ortho reaction, a para position reaction, Eq. 9,
Is similar with an equilibrium between the two but shifted toward the ortho side. Organic
amines, Inorganic hydroxides and quarternary ammonium compounds are frequently used as
catalysts in these reactlons. The above reaction (9) was studied by Martin. In his
research on this subject, all réactlons were carried out at 30°C, and the amount of
formaldehyde used was equivalent to the total number of (three) avallable reactive
phenolic nuclear positions, the two orthos and the para. This provided for compiete
conversion to trimethylolphenol (Eq. 10), and In order to preclude possible differences in
lonization constants for the several reactions, one equivalent of NaOH catalyst was used,
In all cases.

In the presence of an excess amount of formaldehyde the monomethylol phenol will
react further to form the three possible ortho-para dimethylol derivatives and will
eventually be converted to 2,4,6,- Tri(hydroxymethyl) phenol, or Trimethylolphenol as
shown in Eq. 11.

| The numerical values of each of the reaction rate constants are given in Table 1
at 3:1 F/P ratlo as determined by Freeman and Lewis using a quantitative paper
chromotographic technique. Freeman and Lewis further showed that essentially no
substitution occurs at either of the two meta positions. Presumably because of lack of
necessary spacial arrangement.

Table 2 gives the relative reactivities of the nuclear positions for the reaction of
various phenol alcohols with p-Methylolphenol serving as the reference phenol.

From the data on the relative reactivities of the various methylolphenocls Freeman
and Lewls also have made predictions as to the course of the reactions where less that 3
moles of formaldehyde per mole of phenol is used. It was thought that o-methyloiphenoi
would be the first product formed in appreciable quantity. The o-methyloiphenol

concentration In the reaction mixture, after an early increase, would then remain
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TABLE 1

REACTION RATE CONSTANTS FOR PHENOLS AND METHYLOL PHENOLS WITH FORMALDEHYDE

Second Order Rate Constant

Rate Constant ' (I/gmole/sec.)
Ko 6.2 x 1076
Ko' 10.5 x 107
K1 7.5 x 1076
Kq' 7.3 x 1076
kq" 8.7 x 1076
Ko 9.1 x 1076
ko' 417 x 1076
TABLE 2

REACTIVITY OF INDIVIDUAL NUCLEAR POSITIONS IN METHYLOLPHENOLS

Position Relative Relative Reactlvity
Compound to Phenollc Hydroxyi (p~HBA 1.0)
p-Methylolphenol - ortho 1.0
Phenol ortho 1.4
Phenol para ' 1.7
(Methylolphenol) para 2.0
(Msthylolphenol) ortho 2.3
2.4-Dimethyloiphenol ortho 2.4
2.6-Dimethylolphenol para 11.1
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essentially constant for sometime since Its rate of reverse reaction would be about as
great as its rate of formation. It would be the first phenol alcohol to disappear as the
process continued. The p-methyloiphencl would appear later than the ortho Isomer, but it
would Increase In concentration as the reaction proceeded. 2,4,-dimethyloiphenol would
appear still later and would, 0\'~Ing to its low reactivity, become in time a major constituent
of the reaction mixture. On the other hand, 2,6-dimethyloiphenol, because of its very high
reactivity, would never be found In large quantity. These predictions are in general
agreement with the results obtained by Sprengiing and Freeman by analysis of a reaction
mixture obtained with a 4:1 mole ratio of formaldehyde to phenol.

DeJong et al made a detailed study of the hydroxymethylation of phenols In the pH
range 1-11 and between 70° and 130°C In dilute aqueous solution. The rate constants
were found by taking the tangent of the conversion plot at zero time. The rate equation

Is:

(dF/dt)tag = KIPIQ" [F1Q"

Where [P]g and [Flg are the Initial concentrations of phenol and formaldehyde. It was
concluded that the reaction was bimolecular since the initial rates were nearly proportionai
to the concentration of both reactants. The rate of reaction was found to be directly
proportional to the hydroxyl ion concentration above a pH of 5 and up to approximately 1
mole of caustic per mole of phenol. A minimum in the rate was found at a pH around 4;
below this, the reaction shifted to one catalyzed by acids. The pH of 4 here agrees
reasonably well with the earlier suggestion that an equally molar ratio of
formaldehyde/phenol which has a pH of about 3 could be considered a reference or

"neutral” point, for reactions of this type.
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Orientation of methylol groups was studied by Sprengling and Freeman in 1950.
Assuming that both an ortho and a para position relative to the phenolic hydroxyl group
were avallable for reaction, the question arose as to where the methylol group would
enter the benzene ring. A study of the reactlon at a ratlo of 1 to 1.4 F/P, using sodium
hydroxide as catalyst, was mad'e. When the reaction was compiete, the phenclic hydroxyl
groups of the phenol alcohols were etherified by treatment with oxygen to carboxylic acid
groups according to a scheme by Meyer. The aclds were used to estimate the quantity of
each phenol alcohol present In the orignal mixture. An Inspection of the data shows that
the p-methylolphenol and the 2,4-methylolphenol were the major products (Table 3).

Martin made a similar study using 2.1:1 mole ratio of formaldehyde to phenol. At
this ratio, the p-methylolphenol and the 2,4-methyloiphenol were also found in greatest
quantity. At the higher formaldehyde to phenol ratlo, a small quantity of the 2,6-
dimethylolphenol also was detected. A study of the data In Tables 1, 2, and 3 show
reasonable agreement.

These factors have been studied in detall by Freeman and Lewis, and a graph
depicting the formation and disappearance of each phenol alcohol capable of formation and
disappearance from phenol by the addition of one, two, or three methylol groups to sodium
phenate has been plotted. This graph is shown here as Fig. 1 on next page. The effect
of methylol substitution on the overall rate of formaldehyde consumption also has been
analyzed. As methylol substitution proceeds, the apparent reactivity of the system,
formaldehyde-phenol, clearly Increases. This increased reactlvity of the system is caused
by the formation of methylolphenol and 2,6-dimethyloiphenol, both of which are more
reactive with formaldehyde than Is phenol, refer to Table 2. The rate of reaction
eventually levels off and approaches that of 2,4-dimethylolphenol, the last remaining

component of the system that Is reactive with formaldehyde.
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Era et al have studled the effect of the mole ratio of formaldehyde to phenol on
the reaction kinstics using DSC and DTA. They found the activation energy of the
addition polymerization to be about 99 KJ/mo! and for the condensation reaction the
activation energy was about 81 KJ/mol. The addition reaction was shown to be second
order, where as the condensatbn reaction was first order. It was also found that the
higher the F/P ratio, the lower the heat of reaction. F/P of 1.0 gave a heat of reaction
of 370 J/g, where as a F/P of 1.2 gave a heat of reaction of 150 J/g.

TABLE 3
REACTION PRODUCTS OF THE

FORMALDEHYDE-PHENOL REACTION

Components of Reactlon Products Mole ¥ present
Phenol 5-10
o-Methyloiphenol 10-15
p-Methylolphenol 35-40
2,4-Dimethyloiphenol 30~-35
2,6-Dimethylolphenol none
2,4,6-Trimethylclphenol 4-8

Dihydroxydiphenolalkanes can be obtained by the direct reaction of aldehydes with
phenols under basic conditions. Although the products may be identical with those formed
with acidic catalysts, the mechanism of reaction Is much different. Phenol alcohols are the
first products formed In the reaction when basic catalysts are employed. If the phenol
alcohol s relatively stable under alkaline conditions the reaction may tend to stop at this
stage. However, most phenol alcohols do not exhibit such stability and may be converted

to dihydroxydiphenylalkanes by continued heating with aqueous caustic. In_general, phenol
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alcohols with para methylol groups show a greater tendency toward conversion to a

methylene derivative than those with an ortho methylol groups. As might be expected,

phencls which ére capable of reacting readily with formaldehyde to form a methylol
derivative are usually equally capable of forming a methyl derlvative. 2,6-Dimethylphenal,
2,4,5-trimethyiphenol, 2,4,6~-trimethyiphenol, and B-naphthnol are particularly susceptibie to
rapid conversion to a methylvderlvatlve under alkaline conditions.

Dihydroxydiphenylalkanes (methylene bridge) presumably could be formed by elther
of two mechanisms under alkaline conditions. The formatlon of an intermediate phenol
alcohol could react with free phenol In the system to give a mathyl derivative as shown In
Eq. §, splitting out a molecule of water or the reaction could occur between the two
phenol alcohols with the splitting out of a molecule of formaldehyde and a molecule of
water, Eq. 11, In which case the molecule of formaldehyde is avalilable for further
polymerization. The methylene bridge being the more stable of the two, would dominate In
an equilibrium situation. Also, the same equatlons do occur In the ortho position, or even
one molecule having an ortho methylcl and the second one having a para methylol group,

as shown In (11A) abovs.

OH fo) fo) oH
- N + Hy0 + CH,0
(11)
CHa

CH,QH CH,OH
OH OH oH
CH20 : CH2 QH
+ ——
CH2Q (114)
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The condensation of phenol alcohols with each other under alkaline conditions Is
more likely to glve a dihydroxydiphenylalkanes free of by-products than other reactions,
but the reaction conditions must be carefully controlled. The formation of dibenzyl ether
does not occur to any significant extent under the strongly alkaline conditions of resole
formation, (Eq. 13) except as ai possible Intermediate step.

The average number of methylol groups on a phenol nuclei in a particular resole
mixture will depend upon the formaldehyde-phenol ratio, time, temperature, catalyst, and
concentration, which will affect the subsequent crosslinking (curing) reaction, and thus the
polymer network properties. It Is necessary to distinguish between the F/P ratio and
concentration since there must be a solvent present, which does not take part in the
reactions.

Typical molecular structures in any given rescle are dependent to a great extent
on the F/P ratio used. However, triethylamine when used as a catalyst tends to favor the
formation of ether bridges, whereas sodium hydroxide favors methylene bridges, as
indicated earlier the type reactions differ between low and high basicity, the ranges of 4-
7 and 7-11.

Reaction temperature plays an important role in the formation of methylene bridges
and dibenzyl ether linkages. King's studies indicated methylene bridge formation occurs at
lower temperature fhan the ether bridge formation, whereas Hanus data show that the
reverse Is true. This Is perhaps due to the difference in purity of reactants, catalyst
used and the materials of the reaction vessels as well as conditions of time, solvents, and

temperature used during their polymerization periods.
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Brown studied the heat of reaction for various molar ratios of F/P. In his work
resins from 1:1 to 1.5:1.0 ratios were polymerized and then evaluated by pressure DSC.
The results are tabulated in Table 4 below:

The peak area is proportional to heat of reaction. The data here Implles that the
largest amount of heat, and thérefore the largest number of reactions occur at a ratio
of 1.3:1.0. This appears to be at variance to some degree with the data of Era et al
shown in Table 3, however, other factors than the F/P ratio may have influenced the
locatlon of the peak. A molar ratio of 1.5:1.0 F/P would theoretically, give a maximum
cross—-link density in the cured polymer, and hence produce the largest amount of heat.

Cure of Aldehyde Phenolic Resins

One of the most valuable features of the aldehyde phenolic resins Is the ease and
rapidity with which they may be converted to well-knit, highly cross-linked products. The
crosslinking or curing reaction of resole aldehyde phenolic resins is carried out by heating

the mixture of mono and polynuclear methylolphenols.

TABLE 4
DSC STUDY OF PEAK AREA/MG SAMPLE SEVERAL

MOLAR RATIO OF FORMALDEHYDE/PHENOL (F/P)

F/P Ratlo Peak area/mg Sample
1.1: 1.0 5.19
1.1 : 1.0 5.97
1.2 : 1.0 6.96
1.3: 1.0 7.53
1.4 : 1.0 6.84
1.5:1.0 6.1
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Unlike many polymeric systems where cure resuits by repetition of a single
process, the cure of a phenolic resin Is extremely complex, involving a number of
competing reactions each of which may be profoundly influenced by reaction conditions
and the structure of the phenol used to prepare the resins. A further complicating
factor is introduced by the poésiblllty of reaction at either or both the ortho and para
positions of the phenol. This leads not only to the formation of a large number of
Isomeric products but also to products of varying reactivity depending on the location of
the functional group, and the steric spacing In which the molecules can intertwine.

In the purely thermal hardening of phenol alcohol or one-stage resins, the
formation of dibenzylethers (Eq. 13) Is a very important reaction with the substituted
phenols If the hardening temperature is held below about 160°C. The reaction also occurs
above 160°C but assumes somewhat less importance If the resins are derived from
trifunctional phenols. If the system is alkaline, methylene derivatives appear to be formed
exclusively.

The dibenzyl ethers are unstable at high temperatures, above about 140°C, and
may undergo further reactions. The methylene bridge, on the other hand, Is a very stable
linkage and normally it Is not destroyed below the point of complex decompositions of the
resins. Since conditions are seldom neutral the methylene bridge Is probably the most
common linkage found In a cured one-stage resin derived from a trifunctional phenol.

At temperatures between approximately 160° and 250°C, a second phase of
condensation, may occur In a F/P resin, the molecular weight first increases due to
cross-linking and then declines. During this period the number of dibenzyl ether linkages
decreases rapidly while the number of methylene bridges usually Increases resulting In
decrease In molecular weight due to splitting out of CH;0. Small quantities of raw
materials may be eliminated as volatile products. Simuitaneously reéctlons Involving the
formation of quinone methides and their polymerization and oxidation-reaction products

occur. These reactions lead to extremely complex products (Equations 8 and 9).
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Figure 1 outlines a number of thermal reactions that have been discovered as a
result of studles with phenol alcohols. An effort has been made to arrange the reactions
in the chart so that a separation into those occurring below about 160-170°C, the first
phase, and those occurring at higher temperatures, the second phase, may be visualized.
This separation has been made on a more or less arbitrary basis, and some overlapping
obviously occurs. Such a dlagram only serves to emphasize why a clearcut description of
the thermal curing processes, applicable to all types of resins cannot be given. The
numbers on the arrows refer to numbered compounds on the same page.

In pyrolysis of formaldehyde/phenol resins, the behavior and the properties of the
final products seldom are affected by the initial composition. Up to about 300°C
additional crosslinkage may occur, along with decomposition of ether linkages. Between
300°C and 450°C decomposition begins in which the methylene bridges on the ends of
chains are destroyed, with a significant wieght loss, but little loss of length of chains. At
this peoint, there Is little if any breaking of the chain. With temperatures 500° and higher
the maln section of the polymer chain begins to break, destroying methylene bridges and
any remaining ether bonds, this causes significant decreases In polymer lengths, which
causes shrinkage of the final product. As the temperature rises further and approaches
800°C, severe carbonization occurs and the structure fuses. The carbonization process
Is the removal of further amounts of hydrogen and oxygen reducing the amount of
polymer present and raising the percent of elemental carbon in the remaining matrix. As
temperature continues in this high mode virtually all the polymer Is reduced to elemental
carbon In affect destroying the resin or the composite as the case may be. Propertles
such as density, pore structure, and other physical and mechanical properties of these
polymers are seldom affected by relatively small differences In the original composition,

but as carbonization occurs, physical and mechanical properties are drastically changed.
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but as carbonization occurs, physical and mechanical propertles are drastically changed.
The most Important of these 2nd phase reactions appears to be the dehydration
of methylol phenols or the ether breakdown to give an alcohol and quinone methides as

shown In the following reactlions, Eqs. 12 and 13.

Q : Q
2CH CHy
. S a2)
QH 9 ' Q QH
HpGCHy THy HZOH
Y +
: a2

The unsubtlituted benzoquinone methides are unstable and rearrange to form the
ethylene, acetylene and ether structures as shown In the following reactions, Egs. 14-16

The curing of resol phenollc resins occurs when heated for a period of time, the
result Is the cross linking of the polymer chains. Two primary reactlons take place; one
Is the formation of methylene bridges with the resuiting splitting out of a molecule of
formaldehyde and a molecule of water and the second the splitting out of a molecule of
water. The measurement of the amounts of water and formaldehyde serve as a measure
of the amount of crossiinking which takes piace(Ea. 5 and 6.). The reactions take piace

at temperatures In the range of 150°C or higher.
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Table 5

MOLE RATIO OF REACTANTS

Reflux

No.

F/P
1.7/1
1.7/1
1.3/1

1.3/1

Reflux
Temp. O¢
75
75
a8
98 .

Time

hrs.

0.66
0.50

TEA

Catalyst

0.0186

0.0262

NaCH

0.0186

0.0262

largest quantities are the quinone methides shown In Egs. 12 and 13.

above Egs. 14-16. The existence of the above compounds are thought to be present In

the resol polymers which have been exposed to heats above 150°C.

cH,
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At temperatures above 150°C some side reactlons take place, among these In the

The unstable quinone methides rearrange Into the three compounds shown In the

(14}
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First Phase

/Dlhydrcxydlphenyl methans + water
Phenol Alcohol 2. >Dihydroxydibenzyl ether + water

e >

Dihydroxydiphenyl methanas + formal-

dehydas + water

1: + Phenaol; 2: + Phenol aicohol
3: - Formaldehyde; 4: - Water
§: Oxidatlon; 6: Reduction

Second Phase
Phenol aldehyde + Nuclear methyi—

Dlhydroxyi— ated phenoi

benzyl ethers 3 :D(hydroxycgphenyl methane

p-Hydroxyphenyi methylene quinone

4
Phenol alcohol 4 > Quinone methides
6
Dimer ' Trimer Phenol aildehyde Dihydroxy-—
(cycile o—Quinol) + Nuclear dliphenyi-
ether or mathylated ethane
p-Dihydroxy- phenol
stibllene)
Fig. 1 -~ Il = Hardening of Phenol Alcohols
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The work of King et al Is summarized In this report because It resembles to a
great extent the work being done for this project. King et al studled the chemical
structure and cure characteristics of a group of aldehyde-phenol resole resins by means
of NMR, DSC and GPC. In particular, the effects on structure and reactivity of F/P ratio
and specific types of reactlon' catalyst were studied. GPC was used to determine resins
molecular weight distributions, and NMR to determine chemical structure features, and the
DSC curing curves were interpreted in the light of the structural information provided by
NMR. All resins were prepared from 90% pure phenol and 36% formaldehyde solution with
either triethylamine (TEA) or sodium hydroxide as the catalyst. Table 5 shows the
reactants used in terms of their mole ratios.

Resins 1 and 2 were prepared by refluxing the reactlons, under vacuum at 75°¢
for 2 hrs., cooling and then vacuum distilling off the bulk of water below 50°C. Resins 3
and 4 were refluxed at normal boiling point (98°C) for different lengths of time: resin 3
for 40 min. and resin 4 for 30 min., then vacuum distilling at 50°C to remove the water.

NMR analysis revealed that the ortho/para ratio is higher for the two resins with
F/P of 1.3 (3 and 4) than for those with F/P = 1.7 (1 and 2) and appears to be
Independent of the catalyst. The reaction with the most formaidehyde present (le, 1 and
2, F/P = 1.7) favored production of a resole in which ether bridges outnumber substituted
methanes. Reactions 3 and 4 with a F/P = 1.3 produced fewer ethers and more
substituted methanes.

The number of free methylol groups was more or less the same for ail four resins.
For the same F/P ratio, the NaOH catalyst (resins 2 and 4) produces more diarylmethanes
than does TEA (resins 1 and 3). The overall degree of condensation of benzyl alcohols Is
similar for both resins with F/P = 1.7 and Is less than for the other pair with F/P = 1.3,
especially for resins 4 in combination with NaOH. Thus resins 1 and 2 are similar In nature
and consist predominately of methylol groups and ether links and are generally less

condensed than resins 3 and 4. Resin 4 is in the most advanced state of condensation,
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of benzy| aicohol and largely diaryimethanes. The difference in temperature levels,
pressure and time Intervals probably account for this.

GPC analysis shows that the resin with the higher F/P ratio (1 and 2) clearly have a
much narrower molecular weight distribution than the lower F/P ratio (3 and 4) resins. For
elther pair of resins with the same F/P ratio, NaOH tends to lead to a much higher
molecular weight polymer relative to TEA. The cumulative percentage of material by weight
increases with increasing molecular weight for two resins (2 and 4) with the same catalyst
but different amounts of formaldehyde.

The DSC results show that two separate reactlons (two peaks) took place during
resin scanning; the temperature range scanning was 50-200°C at 8°¢ per minute. The
first peak occurred at 155°C and the second peak at 185°c. King et al found that NaOH
preferentlally catalyzes the reactions which correspond to the first peak and triethylamine
catalyzes the second peak. The function of the catalyst presumably Is to affect the
relative numbers of sites available for the two processes which must have different
activation energies. Lower temperatures and the alkall-earth (NaOH) catalyst tend to
favor the formation of methylene bridge structure; higher temperatures and the organic
base (TEA) tend to favor the formation of the ether structure. Of course the relative
amounts of free methylol groups and the number of aromatic protons actually available will
also Iinfluence the final number of methane bridges as compared to the number of ether
structures.

There are a number of other uses for DSC and other instrumental techniques are
described which may be applicable in studying the properties of aldehyde—phenol resins and
prepregs; both cured and uncured. No attempt will be made to describe these in detail,
but references are given for those who may find one or more of these of Interest.

Leckenby, J. N. describes several thermal analysis techniques as applled to testing

multilayer printed circuit boards (PCB). The techniques he describes are: (1) DSC, (2)
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Thermo Mechanical Analysis (TMA), (3) Dynamic Mechanical Analysis (DMA), and (4) Thermo
Gravimetric Anlysis (TGA). |

Taylor, R. E. et al has measured some thermo physical propertles of a farly wide
variety of materlals, from ammonium perchlorate to composite materials. The use of ramp
heating for determining diffusivl'ty and the heat conduction theory for strip heating, are
described. Software has been developed for pulse heating in measuring diffusivity.
Thermal diffusivity and specific heat measurements have been made on carbon/carbon
composites. Heat flow through fibers (both length wise and across) as well as the matrix
materiai have been measured.

Stenzenberger, H. et al has made use of DSC to study the curing of several
polymers to control the quality of carbon filber prepregs. TMA was used to deveiop post
cure properties.

Moacanin, J. et al investigated a cure reactivity model for a resin system covering
the temperature range of 153-177°C. DSC and Fourier Transform IR Spectroscopy were
used to study the kinetlcs of the cure, attempting a correlation between total conversion,
rates of conversion and disappearance of specific groups. They described the process in
terms of two first order reactions.

May, C. A. et al made use of Dynamic Dielectric Analysis (DDA) and DSC in studying
the cure of various polymers under a range of both temperature and pressures, up to
the glass transition temperatures. The results indicated that a knowledge of the chemical
structure of the matrix greatly aids in understanding the cure process.

Apicella, A. et al performed a curing process using DSC, high pressure
chromotography, and both steady and dynamic viscosities to determine gelation limits, and
the prediction of rheological behavior.

Wenz, S. M. et al used reverse phase liquid and IR chromatography, DSC, and
rheclogical measurements to determine reaction enthalpy, viscosity, chemical structure,

glass transitlon temperature, tensile strength, fracture toughness, fiber volume, and void
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content. Data revealed that slower heat-up rates during curing produce higher reaction
enthalpy, composites with higher resin content (lower voids), and higher glass transition

temperatures.
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V. DIFFERENTIAL SCANNING CALORIMETRY (DSC)

Flber reinforced composite materials are of Increasing Importance In many
aerospace and alrcraft applications as a result of the requirement for lighter weight
structures. Carbon fiber composites are the accepted materials today, for many
applications because thqy offer' a very high strength to welight ratio and stiffness to
weight ratio, as compared with conventional metallic structural materials. The usual
technology required to mold complicated geometrically shaped parts require prepreg
materials as precursors. They consist of the reinforcing fibers arranged either
‘unidirectionally or as a woven fabric impregnated with a thermosetting resin formulation.
The resin Is sometimes B-staged, eg. polymerized to some degree to make it nonliquid, or
semi-solid, at ambient temperature and suitable for further processing In a low pressure
autoclave molding process. As a consequence of the rapld introduction of advanced resin
composites into the production of structural components In alrcrafts and spacecrafts, the
development of advanced quality assurance criteria has become extremely important.
During the early period, acceptance criterla for prepregs were based on performance
tests such as mechanical and physical properties of molded test coupons, gel time, resin
contents, flow properties and tackiness. Presently, it Is accepted by the Industry that
the chemical composition of the resin used must also be part of the quality assurance
control. Chemical analytical methods are being used more and more. One important
technique is Differentlal Scanning Calorimetry (DSC), since this method provides information
which Is related to 1.) glass transition temperature (TG) of uncured prepreg or cured
laminate, 2.) degree of cure of final product, 3.) heat of reaction during prepreg
processing, 4.) resin reactivity kinetics, 5.) rheology studies, and 6.) gelation temperature,
all of which have substantial bearing on strength and other mechanical properties.

The Du Pont 910 DSC system with the 1090 programmer/data analyzer was used for

analysis in this work. Sixteen different specimens of Carbon Phenolic Prepreg, supplied by
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Materials and Processes Laboratory, MSFC, NASA, Huntsville, Alabama were available for this
study. Due to the proprietary nature of the resin and prepreg used, only limited data on
the resin and prepreg physical and chemical characteristics were provided to the
Investigators. Resins used In this study were of the base-catalyzed resole types,
supplied by U. S. Polymeric, only‘ two were actually Iinvestigated 8625-01 and 8626-01.

The objective of this research was to evaluate Differential Scanning Calorimetry
(DSC) as a tool to measure the quality and reproductibility of Carbon Phenolic Prepregs.
This was only partially accomplished however. The heat of reaction under atmospheric

~ pressure was measured in the curing process.

APPARATUS AND PROCEDURES (DSC)

The system’s measuring unit Is the plug-in DSC cell which uses a constantan
(thermoelectric) disc as a primary heat transfer element. Schematic Figure 2 refers to the
DSC cell, its Isometric view and a cross section of the silver heating biock, capped with
silver, a vented lld encloses the constantan disc. A selected sample and an Inert
reference are placed In small pans which sit on raised portions of the disc. Heat is
transferred through the constantan disc to both the sample pan and to the reference
pan. Differential heat flow to the sample and reference is monitored by the chromel—
constantan disc and the chromel wafers which are welded to the underside of the two
raised portions of the disc. Chromel and alumel wires are connected to the chromel
wafers at the thermocouple junctions to measure sample and reference temperatures. The
alumel wire welded to the reference wafers is for thermal balance.

Purge gas enters the heating block through an Iniet In the cell's base plate, Is
preheated to block temperature by circulation before entering the sample chamber through

the purge gas Inlet. Gas exits through the vent hole in the silver lid.
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Vacuum and coolant ports on the cell base lead to openings In the cell but not
directly to the sample chamber. A bell jar, placed over the cell and sealed with an o-ring,
protects the user from evolved gases and permits cell evacuation.

Operating manuals for Du Pont 910 DSC and the Du Pont 1090 TA system and thelr
interfaces will be needed. |
Operation

This sectlon describes all controls, indicators, and connectors normally used by the
operator. It also contains normal operating procedures followed for these tests. (Refer
to instrument operators manual.)

Control, Indicators, and Connectors

The Operators Manual shows the location of operating controls, Indicators, and
connectors. Refer to operations manual for details for operation of both Du Pont 910
Differential Scanning Calorimeter and the Du Pont Thermal Analyzer.

DSC Operating Procedures

Instail the DSC on the cell base module. Make sure that the cell switch is set to
DsC.

CAUTION - Proper operation of the 910 Differential Scanning Calorimeter Is
dependent upon the use of a Du Pont Thermal Analyzer. A thorough knowledge of the
1090 TA programmer Is essential and it is assumed that the user Is completely famillar with
the operation of the TA programmer before proceeding.

The following example Involving a scan of carbon phenolic prepreg assumes a
specific selection of INITIAL and FINAL TEMP., PROGRAM RATE. However, the steps are
general and may be applied to any DSC scan. To operate 1090 TA/910 DSC system,
proceed according to operating manual.

Error Codes
Numerous error codes are programmed into the 1091 which flash in the upper

right-hand portion of the display when either an operator error Is committed or the
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Instrument maifunctions. When an error code Is displayed, it continues to flash until one
of the keys Is pressed. Pressing the HELP key causes a display to appear which explains
the error code. If the reason for the error code being displayed Is not corrected, the
error code will again display when the user tries to proceed with the experiment.

NOTE - If all routine correctlve'actlon does not eliminate reoccurring error codes, press

the RESET switch (as last resort) to restore to normal operation.

Cell Cooling

If a DSC application requires operation below ambient temperature, programmed
' cooling or quench cooling may be used. For this test quench cooling was used as follows:
A. Quench Cooling Between Runs (Cooling Accessary)
.R 90 operation: (ref. Fig. 3.5 In Operators Manual)

1. Set the desired starting temperature by pressing the INITIAL TEMPERATURE button.

2. Press the SET UP button.

3. Place the metal cooling can over the cell and pour in the coolant (ice cubes were
used). Use the open-top bell Jar to minimize frost.

4. When ambient temperature Is reached, remove the open-top bell Jar and the cooling
can and place the sample pan and the reference pan in the cell; then Install the
silver lid, cell cover, cooling can, and open-top bell jar.

5. Continue cooling to the INITIAL TEMPERATURE which is dgnoted by the READY light coming
on.

NOTE - to prevent frost from forming on the disc, do not remove the silver lid when
the temperature is below amblent.

6. Press the START button to start programming to the FINAL TEMPERATURE.

Experimental Details

A total of 16 carbon-phenolic prepregs systems were avallable from Materials and
Processes Laboratory, MSFC, NASA, Huntsville, Alabama for study. But only two systems

coded, numbered 8625-01 and 8626-01 were chosen for this work. Each sample was of
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four ply and approximately 4 sq. cm in size, each sample was composed of eight sections
Identified as: A-sec. Edge, A-sec. Middle, C-sec. Edge, C-sec. Middle, E-sec. Edge, E-
sec. Middle, G-sec. Edge, and G-sec. Middle. The specimen taken from each section was
10-15 mg. In weight using a single ply only.

After each DSC test, céll cooling Is required. During cooling, normally cell
temperature went below 17°C as ice cubes were used for quenching, hence time had to be
aliowed for the Instruments return to ambient temperature. After each DSC test, a
thermogram plot was made.

Table 1 and 2 showed the Peak Integration of 8625-01 and 8626-01 systems.
Figures 1 and 2 showed the group of DSC Thermograms of 8625-01 and 8626~01 systems
at 109C/min under 14.7 psig Nitrogen. Heat of reaction (Delta H, J/gm) on the DSC under
atmospheric pressure was found to be variable when run for eight different sections of
8625-01 systems, with values obtained from 12.1 to 15.5. The variability was attributed
to the volatization of reaction products and residual solvent, and natural variablility of the
material. This caused an endothermic response which competed with an exothermic heat of
reaction and contributed to the variability of results. An additional source of variabllity
was due to foaming of the resin which resulted in poor and variable contact of the resin
with the sample pan, resuiting in inconsistent vaiues for Delta H. The heat of reaction
(Delta H) values for the 8626-01 system varied from 12.§ to 14.0.

The higher the amount of heat evolved (i.e. higher Delta H), results from the
Increased crosslinking and polymerization which occurred. It could be concluded that the
specimen 8625-01 Edge-G had the highest crosslink density after complete cure and
therefore offered better high temperature properties. This may or may not be the reason
however,

Considering the nature of the samples it would seem that the spread of the data Is

not particularly wide. In the case of 8625 the spread is 24%, In the case of the 8626
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and the average of the seven points Is 13.7 which agrees well with the average for sample

8626, which was 13.3.

Data for sample 8625 shows 3 data points outside of one Standard Deviation: A-—

Sec. Edge, C-Sec. Middle, and G-Sec. Edge, but only one outside of two Standard

Deviations. Data for sample 8626 shows only one data point outside of one Standard

Deviatlon: A-Sec. Edge and none outside of 2 standard Deviations.
TABLE 1 PEAK INTEGRATION OF 8625-01 SAMPLE
- Sample No. Heat of Transition Calc. for St. Dev. -
Onset Peak Delta, H
temp., °C  temp., °C  Joules/gm (x=X) (x-x)2 (x-x)2
1 A-Sec. Edge 173.4 198.7 12.1 1.6 2.56 2.56
2 A-Sec. Middle 172.5 198.0 13.4 0.6 0.36 0.36
3 C-Sec. Edge 171.3 196.2 14.0 0.3 0.09 0.09
4 C-Sec. Middle 172.6 198.0 12.6 1.1 1.21 1.21
S E-Sec. Edge 172.6 198.4 14.0 0.3 0.09 0.08
6 E-Sec. Middle 171.9 198.2 14.4 0.7 0.49 0.49
7 G-Sec. Edge 171.5 197.8 15.5 1.8 3.24 -
8 G-Sec. Middie 172.4 197.7 13.8 0.1 0.01 0.01
Average of Data 13.7
Average omitting G-Sec. Edge 13.8
Standard Deviation 1.003
Standard Deviation (omitting 7) 0.945
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It was of Interest to note that all sixteen specimens provide DSC-profiles (heating rate
10°C/min) with a single maximum peak temperature In the range of 196.2 to 198.7°¢C (Table
1 and 2) as can be seen In Fig. 1 and 2. It has to be noted at this point that the
characteristic temperatures of the DSC-profile can change slightly with varlations in the
ratios of the reactants, (F/P) lﬁ the resin.

TABLE 2 PEAK INTEGRATION OF 8626-01 SAMPLES

Sample No. Heat of Transition Calc. for St. Dev.
Onset Peak Delta, H

temp., °C  temp., °C  Joules/gm  (x-x) (x-x)2 (x-x)2
1 A-Sec. Edge 172.3 196.7 14.0 0.7 0.49 -
2 A-Sec. Middle 173.5 197.2 12.8 0.5 0.25 0.25
3 C-Sec. Edge 172.4 197.3 13.4 0.1 0.01 0.01
4 C-Sec. Middle 172.2 186.9 13.1 0.2 0.04 0.04
5§ E-Sec. Edge 173.5 197.1 13.2 0.1 0.01 0.01
6 E~Sec. Middle 173.1 197.7 13.6 0.3 0.09 0.09
7 G-Sec. Edge 173.6 198.2 13.0 0.3 0.09 0.09
8 G~Sec. Middle 173.0 197.8 13.0 0.3 0.09 0.09
Average of Data 13.3
Average omitting A-Sec. Edge 13.1
Standard Deviation 0.3657
Standard Deviation (omitting 1) 0.2878
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The following conclusions are made concerning the research presented In this
study:

1. Heat of reaction determination on the DSC under atmospheric pressure were
found to be variable when run under identical conditlons. The variability of results was
partially attributed to the varlablllty of specimens. Additional sources of variability were
due to foaming of the resin which resulted in poor and variable contact of the resin with
the sample pan, and experimental error. 8625-01 G-Sec. Edge system provided highest
crosslink density after complete cure and therefore offered best high temperature
- properties. If one leaves out the specimen G-Sec. Edge, the spread of the data Is not
bad, and probably lies within acceptable limits when taking into consideration the character
of the specimens and the possible experimental errors.

2. The Differential Scanning Calorimetry (DSC) method can be used as a tool for
research in the early stages of polymerization development, to be followed by and defining
the cure behavior of thermosetting resins and prepregs. DSC data is applicable as a

quality control assurance method for both resins and prepregs.
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V. CARBON CLOTH

Thomas Edison was the first to use carbon fibers. In 1880 he used them as
filaments In his first successful Incandescent lamps. He made the carbon fiber by "baking
threads In an oven®. Until the late 1950's, however, there was not much interest in
carbon fibers research becausé of the later development of tungsten filament lamps. The
rocket age brought about the increased interest in carbon fibers because of the need
for an ultra-refractory material which couid reinforce certain rocket components.
Composite materials made with carbon fibers have almost uniimited potential because of the
superior physical and mechanical properties of the fibers, imbedded in an appropriate
matrix.

In the early 1960’s, the United States Air Force developed the use of boron fibers
as a reinforcement material for composites, with a high strength to weight and a high
stiffness to weight ratio. Boron’s low density Is derived from Its atomic structure and its
low atomic number. Its high Young’'s modulus is derived from its electronic configuration
which produces strong covalent bonds between the boron atoms. Carbon was discovered
to have some characteristics similar to boron, because of its location adjacent to boron
in the Periodic Table. Carbon fibers have aimost completely replaced boron fibers In
composite technology because of technological advantages In fabrication and ease of
composite manufacture. In 1959, Union Carbide developed carbon fibers from rayon which
is chemically similar to cellulose, the basic chemical constituent in the material that Thomas
Edison used for the electric lamp filament. Two other precursors were discovered to be
useful in the production of carbon fibers. Polyacrylonitrile (PAN) discovered by Y.
Tsunoda in 1960 and mesophase pitch (MPP) discovered by S. Otani in 1965 both Initially
produced carbon fibers with low strengths and low tensile moduli, but new manufacturing
techniques developed for these precursors have produced carbon fibers with much higher

strengths and higher tensile modull.

53



A flber should be viewed as a mini-composite in itself because it Is not a
homogeneous anisotropic entity, but a collection of linked anisotropic units. Therefore,
the moduli depend on the details of axial preferred orientation in each fiber structure, and
the strength is a function of axial and radial textures and gradlents as well as both
surface and internal flaws. Th'e most important mechanical properties of carbon fibers are
strength, elastlcity, and deformability. These properties depend upon the type of
precursor, manufacturing conditions, subsequent processing methods, and other factors.
The maln morphological features of carbon fibers are the shape of the cross section and
type of fiber surface, and these features are aiso dependent upon the precursor and
manufacturing conditions. Fibers with circular cross sectlons are achieved by spinning
from a meit. Other shapes of cross sections are achieved by dry or wet spinning the
chemical flbers from a polymer solution, through various shaped spinerettes (Fig. 1).
Carbon fibers have other superior properties such as high thermal and chemical stabillty
except In a gaseous and oxidative condition. The fiber properties do not change
significantly when wetted by water.

There are three process steps In fiber production: spinning of precursor flber,
stabilizatlon (transformation Into non-melting intermediate products), and carbonization.
PAN and mesophase pitch (MPP) are the precursors most widely used today for carbon
fiber production. The rayon precursor Is still in wide use In the aerospace industry
because of its known properties, capabilities, and functionality. Carbon fibers come in
various forms: long and continuous, short, and fragmented, directionally or randomly
oriented. Continuous fiber, directionally oriented are more useful in composites where the
ultimate in performance and wesight reduction s required, and these come in varlous forms:
yarns (tows), individuai filaments, unidirectional prepreg tapes, and fabrics with different
weights and weaves. The most commonly used woven fabric Is the eight-harness satin
which retains most of the fiber characteristics in the composite and can easily be draped

over complex mold shapes.

54



Trilcba! shaped flber Spinnerstte hole for
Trilobai shaped flber

Square fiber Spinneretts hole for
Squgcre flber
Trlanguiar fiber Spinneretts hole for

Triengular fiber

Fig. 1 = V - Typical Non-Circular Synthetic Fiber and Corresponding Spinnerette Hole
Shapes
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There Is a difference between "carbon" and "graphite" when reiating to fibers.
Carbonization, which produces fibers of unusually high tensile strength, Involves heating
the fibers in a furnace to temperatures of 1000 to 1500 degrees C. To graphitize the
material, the flbers must be heated to temperatures of 2000 to 2800 degrees C, and this
I[s done when a high tensile modﬁlus is more Important than high tensile strength. It Is
Important to note that none of the carbon fibers are ever converted Into classic graphite
regardless of the heat treatment, hence the term "graphitization" may be somewhat
misleading.

With tensile strengths as high as three milllon psi and Young’s modulus values as
high as 148 milllon psi, graphite whiskers are one of the strongest materials known, but
mass production of graphite in this form is Impractical. Throughout the remainder of this
paper, the work modulus refers to Young’'s modulus, or tensile modulus. A whisker may be
defined as a single crystai with a large but finite length to thickness ratlo, and it has a
very smooth surface and possesses high strength and high modulus. The carbon atoms in
a perfect single graphite crystal are arranged In hexagonal arrays, and these atoms In the
basal plane are held together by very strong covalent bonds. The hexagonal layers
themselves are held together by much weaker van der Waal forces and are stacked on top
of each other In a regular ABAB.. pattern. The basal planes have to be aligned parallel to
the axis of the fiber to obtain the highest modulus and greatest strength. The stacking
arrangement in a graphite fiber is not the same as that of a perfect graphite crystal.

The layers are slightly displaced, thus forming "turbostratic" graphite, but the orientation
of the layers Is still more or less parallel to the fiber axis. The degree of perfection of
this alignment determines the strength modulus and it varies with the manufacturing
process and conditions. Transverse properties, shear properties, and flaw properties of
the fibers are affected by the arrangement of the layer planes. éraphite is weak and
compliant In the direction perpendicular to the basal plan, which makes graphite a good

lubricant and strong and stiff in the two directions of the basal plane. Even a slightly
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misoriented layer plane will cause some amount of shear which will drastically lower the
flber modulus value, hence the need for correct alignment.

Because the mass production of graphite whiskers is Impractlcal, much effort has
been made to develop high strength, high modulus carbon fibers from the various
precursors. There are three rﬁaln ways to produce graphite fiber from precursors with
proper preferred orientation, and preferred orlentation simply means the extent to which
the carbon-layer planes are oriented parallel to the fiber axis and to each other. The
processes are: orientation of the poiymer precursor by stretching, orientation by
spinning, and orientation during graphitization. In the production of carbon fibers from
rayon, the carbonized fibers are "graphitized" by a heat-treatment at apgroxlmate!y 2800
degrees C. The graphitized fibers consist of tangled ribbons of layer planes which must
be strained or oriented properly to produce high modulus fibers, and this orientation Is
done by stretching. To create the preferred orientation in PAN, the flbers are restrained
from shrinking during graphite conversion which Is achieved at temperatures of greater
than 2000 degrees C. There Is a distinct advantage In the graphitization process applied
to mesophase pitch as compared to the processes using rayon or PAN. In the Pan and
rayon precursor processes, tension is required to achieve high modulus and high strength
by developing or maintaining the necessary molecular orientation. The MPP process does
not require this tension because the anisotropic liquid crystal nature of the pitch allows
the molecular orientation to be achieved in the spinning process, and the tension Is not
needed to preserve or enhance the orientation.

To achleve high Young’'s modulus values, flbers need to be treated at temperatures
of more than 2500 degrees C; however, maximum tensile strengths and breaking strain
values are obtained with heat treatments between 1200 and 1500 degrees C. All "real"
materials have an imperfect structure to some degree which always reduces physical and
mechanical properties, but the perfect solid has a theoretical tensile strength which is

approximately one-tenth the value of the theoretical Young’s modulus. Because of the
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actual imperfections, the tensile strengths are lower than that which Is theoretically
possible. During the rayon precursor graphitization step, a high degree of preferred
orientation Is achleved which results in flbers that have a Young's modulus approaching
the theoretical values of the single graphite crystal. The tensile strengths of these same
fibers, however, are welil below ;chose of graphite whiskers. The measured strengths of
the best formed graphite fibers are twenty times less than the theoretical strength of
graphite. It can also be seen that the Young's modulus Increases continuously with heat-
treatment temperature in the PAN precursor process. It Is very important to note that as
~ the heat-treatment temperature increases, the tensile strengths reach a maximum and then
begin to decrease. As a rule of thumb, it is safe to say that as the temperature
increases, the strength reaches a maximum, further increases in the temperature bring
about decreases In strength while the modull continue to Increase. Higher temperatures
bring about increases in the modull, but decreases In strength. Carbon fibers (fibers
which have not been graphitized) have a higher strain to failure reflex than high modulus
graphite fibers. These carbon fibers may be chosen over the graphite fibers in some
alrcraft applications because composite parts are continually stressed and flexed so a
higher strain to failure value would be needed.

Carbon fibers formed from rayon and PAN precursors are brittle and flaws usually
control the strength’ of brittle materials. As gauge length, which is the length of the
sample between clamps, Is decreased in tensile tests of fibers containing flaws, the tensile
strength increases, because of reduced number of flaws. In cases of low—modulus
"carbon” flbers (heated to approximately 1300 degrees C) which may contain other than
carbon and the carbon may not be completely graphitized, and of high modulus "graphite"
fibers (heated to approximately 2800 degrees C), more completely decomposed and almost
all graphite, a distribution of flaws is present along the length of each fiber. These flaws
cause stress concentrations and reduce the fiber strength below the theoretical flaw—

free fiber strength. The dependence of relative strength on gauge length Is similar in
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both the high-modulus flbers and low-modulus flbers even though the high modulus fibers

are three to four times stronger.

As flbers are treated at higher and higher temperatures for the purpose of
Increasing Young's Modulus, the tensile strength also Increases up to some maximum value,
but begins to fall off or decrease as further Increases In temperature are applled. The

modulus continues to rise however.
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In the dlagram ‘above a serles of carbon fibers are heated at varlous
temperatures. A fiber treated at a ‘temperature (T) develops a stress-strain curve as
shown with the end of the line being the point of fracture. Increases in treatment
temperature brings about Increases In modulus, (as indicated by increasing siope)
Increases In fracture point, and Increases In strength. Young's modulus being defined as
the ratlo of stress to strain. Continued Increases in temperature however will produce
continued increases In modull, some maximum fracture strength Is reached and above that

temperature the fracture point falls off, showing decreases In the tensile strength. From
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above diagram fracture point Increases from T to T + 200, and decreases from T + 200
to T + 500.

Expressing this another way, as the siope of the above curves Increase (increasing
modulus and strength) the ductility of the specimen decreases. It will become more brittle,
until such time as brittleness déminates and after this point the specimens break at ever
lower fracture points due to brittle failure rather than ductile failure. .

There are several causes for the flaws or defects that limit the strength of the
fiber. One cause for flaws in the carbon fibers Is the use of too high a stretch ratio
which will cause polymer ribbons (matrix) to pull away from the fiber surface during
spinning. Carbon fibers of low strength may be formed by the Incomplete oxidation of PAN
fibers before carbonization which would cause a sheath/core structure to develop or it
may cause cavitles with the fibers. Also, cavitles In the precursor fiber may be caused by
gas dissolved in the fiber spinning solution or irregular flow of the spinning solution
through the spinnerette nozzles. Internal voids or cavitles may also be formed by the
evaporation of foreign matter during thermai processing.

Another strength Iimiting defect Is Iinterfilament fusing which may occur in th
precursor spinning process or 